Abstract
Introduction
The radiation emitted from a surface in the thermal infrared (8-12 pm) is a function of its temperature and emissivity. Most geological studies, are less concerned with temperature and more concerned with emissivity variations, which are related to variations in the composition of the surface and can provide a means for remote geological mapping. In order to evaluate the use of emissivity variations for geological mapping studies, NASA developed the Thermal Infrared Multispectral Scanner (TIMS). The instrument was first flown in 1982 and since then numerous studies have successfully demonstrated the use of TIMS for geological mapping, (for example, Kahle and Goetz, 1983; Gillespie et al. 1984; Watson, 1985; Lang et al. 1987; Lahren et al. 1988 ; Abrams et al, 1991; Hook et al. 1992; $abine and Realmuto, 1994; Hook et al. 1994; Crowley and Hook; , Watson et al. 1996 . TIMS is a passive instrument measuring naturally emitted surface radiation in six bands between 8 and 12 pm. Passive instruments are presently limited to broad spectral bandwidths in order to obtain an adequate signal-to-noise ratio. In addition, the data acquired by passive instruments are influenced by uncertainties introduced by the presence of atmospheric gases, and the strong dependence of emission on temperature. As a result, TIMS data are used to discrhninate different rock types rather than to <dentify rock types based on the presence of one or more emission features.
Around the time of the first TIMS flights, Kahle et al. (1984) were evaluating an active airborne laser system for mineral identification. This active system measured reflectance of the surface in the thermal infrared, reflectance spectra being the complement of emissivity spectra (Siegal and Howell, 1982) . Active systems have several advantages over passive systems. They include better signal-to-noise ratios allowing narrower bandwidths and the absence of the complicating effects of temperature (Kahle et al. 1984) allowing operation under cloudy skies. However, active instruments are more complex than passive instruments and thus far have been limited to profiling instruments. While the instrument used by Kahle et aL (1984) only had two channels in the thermal infrared further limiting its usefulness, it demonstrated the potential of active instruments. More recently, Eberhardt et al. (1988) examined the possibility of using a high spectral resolution COZ laser that tuned through about 100 wavelengths between 9.1 and 11.2 ~m. From this, CSIRO Australia then developed the profiling Mid Infrared Airborne COZ Laser Spectrometer (MIRACOZLAS) to investigate the capabilities of high spectral resolution 3 TIR remote sensing for applications in mineral mapping (Whitbourn et al. 1990 , 1991 , Hausknecht et al. 1993 ).
An instrument with both an active, high spectral resolution profiler and a passive, broad band imager should prove useful for geological studies since the profile data could be used to identify the mineralogy of a given lithological unit whereas the imager could be used to map its surface distribution. In order to investigate this possibility the NASA TIMS was shipped to Australia in 1993 and flown with the CSIRO MIRAC0 2 LAS on an F-27 aircraft. Several sites were flown in Australia and this study reports on the data acquired over the Mount Fitton area in the Flinders Ranges, South Australia,
Theoretical Framework
The reflectance and emissivity spectra of minerals exhibit diagnostic features at various wavelengths which provide a means for their remote discrimination and identification. These features are produced by electronic or vibrational processes resulting from the interaction of electromagnetic energy with the atoms and molecules which comprise the minerals that make up a rock. These different processes require varying amounts of energy to proceed, and therefore are manifested in different wavelength regions. Electronic processes require the most energy and result in spectral features in the visible and near-infrared wavelength regions. Fundamental vibrational processes require less energy and evidence for them occurs in the infrared beyond 2.5 ~m. Between 0.5 and 2.5 ~m there is an overlap of features due to electronic processes and the excitation of overtone and combination-tone vibrations (Hunt, 1980) . Of particular interest to geological studies are the emission minimum associated with the Si-O bond in the thermal infrared (8-12 pm). This feature is commonly referred to as the reststrahlen feature. This restrahlen feature occurs at relatively short wavelengths (8.5 pm) for framework silicates (quartz, feldspar) and at progressively longer wavelengths for silicates having sheet, chain and isolated Si04 tetrahedral (Hunt, 1980) . Reflectance spectra converted to emissivity for a variety of pure minerals that occur in the study area are shown in Figure 1 . The reflectance data were converted to emissivity using the simplest 'form of Kirchhoff's Law (E= 1-R). The spectra are displayed in terms of emissivity to allow them to be easily used in conjunction with the emissivity imagery displayed later. The spectra shown in the left panel of Figure 1 were measured with the Jet Propulsion Laboratory Nicolet Model 520 Interferometer Spectrometer. The spectra have a resolution of 4 wavenumbers and were measured in the directional hemispherical reflectance mode. The spectra shown in the right panel of Figure 1 were measured with a laboratory version of MIRAC0 2 LAS, which is described in a subsequent section. It should be noted that the laser measurements are hi-directional and, depending on the scattering cross section of the material being measured, may not be directly related to directional hemispherical reflectance by the simple form of Kirchhoff's Law that we have used here. The laboratory C0 2 laser spectrometer does not measure the reflectance at even increments across the wavelength range, because the reflectance is measured at the wavelengths of specific COZ lines. Crosses in Figure 1 mark the positions of these lines. In addition, the COZ laser only covers the wavelength range from 9.1 to 11.2 ~m. Nonetheless, within that range, the data from the two instruments are in good agreement. The shift of the reststrahlen feature from shorter to longer wavelengths with the change in the Si-O bonding of the silicate minerals is also 5 apparent, The carbonate minerals show a feature around 11 pm which migrates to longer wavelengths as the atomic weight of the cation increases (Liese, 1975; Lyon and Green, 1975; van der Marel and Beutelspacher, 1976) . As a result the dolomite minimum is at slight] y longer wavelengths than the magnesite minimum.
TIMS System and Data Processing
The TIMS has six channels between 8 and 12 pm, an instantaneous field of view of 2. However, the TIMS instrument could not be mounted sufficiently close to the skin of the Australian F-27 aircraft to avoid the edges of the scan partially imaging the inside of the viewing port, As a result there is some darkening on the edges of the image. Initially the TIMS data were calibrated to radiance at the sensor (Palluconi and Meeks, 1985) . The atmospheric component to the total radiance was then removed using the MODTRAN radiative transfer model (Berk et al. 1989 ). MODTRAN derives values for the atmospheric correction based on an input atmospheric profile, which may be obtained from default profiles in MODTRAN, or the profile may be modified or replaced with local atmospheric data. No local atmospheric values were available and so the default mid-latitude winter profile was used. In order to assess the atmospheric correction the brightness temperature spectrum of an area of dense vegetation was examined.
Vegetation has a relatively flat spectral emissivity in the thermal infrared and therefore the 6 brightness temperatures should be constant. (Brightness temperature is the temperature of the surface calculated with an assumed emissivity of 1.0). The vegetation brightness temperature in five of the six TIMS channels agreed to within 10 C. Channel 1 had a higher temperature than the other channels suggesting incomplete correction for atmospheric water vapor. Therefore the water vapor in the mid-latitude winter profile was reduced until the temperatures derived over the area of vegetation from all six TIMS channels agreed to within 1 degree.
After atmospheric correction, the ground radiance values are a function only of surfacẽ emperature and emissivity. In this study we were interested in variations in surface emissivity, because these relate to differences in mineralogy. The emissivity information was extracted using the alpha-residual technique (Hook et a2. 1992; Kealy and Hook, 1993) . The resultant alpha-residual spectra have a shape similar to emissivity spectra; however, the mean of each spectrum is zero. This method was chosen over other methods since emissivity variations can be examined in all six TIMS channels (most other methods force the emissivity to a constant in one channel) and the method is less susceptible to noise than the reference channel and emissivity normalization techniques (Kealy and Hook, 1993) .
In addition, the TIMS data were processed with the decorrelation stretch algorithm for display (Soha and Schwartz, 1978; Gillespie et al. 1986 ). This technique causes the spectral differences between surface units to be displayed as color differences, while most of the temperature variation is displayed as intensity differences (Kahle and Goetz, 1983) .
COZ Laser System and Data Processing
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The MIRACOZLAS system is based on a rapidly tuned COZ laser (Eberhardt et al. 1988) that tunes through approximately 100 wavelengths between 9.1 and 11,2 pm in a burst of 10-ps duration pulses that lasts 1.6 ms. The 1OO-W laser pulses illuminate a 2 m diameter pixel on the ground from an altitude of 400 m. The system is deployed in an F-27 aircraft, at an airspeed of about 80 ms -', leading to a forward motion of the illuminated pixel of only 130 mm during the 1.6 ms burst duration. The signal scattered by the ground is collected by a 300-mm aperture F/O.83 Cassegrainian telescope feeding a liquid nitrogen cooled HgCdTe detector. A second detector records the power of pulses leaving the aircraft (Whitbourn et al. 1990 ). The ratio of the heights of corresponding pulses from these detectors is later used to produce uncalibrated terrain reflectance.
MIRAC0 2 LAS data were acquired on June 9th, 1993 under cloudy skies. The uncalibrated MIRAC0 2 LAS spectra are influenced by altitude (inverse square law), instrument (throughput), atmospheric (principally line absorption) and surface reflectance (i.e. compositional) effects.
The altitude dependency of the power reflected by the surface was corrected by using aircraft radar altimeter data. Atmospheric line absorption (alpha-line), which are chiefly related to water vapor, were estimated for each MIRAC0 2 LAS run using the median spectrum and a segmented-hull approach based on the observation that the Beer-Lambert law can be approximated by a linear function, intersecting zero absorption at zero altitude, for the range of altitudes involved (300 -600 m). Note that atmospheric continuum absorption was found to have no discernible effect at these low altitudes. The instrument throughput function was estimated using a comparison of responses from MIRAC0 2 LAS data collected over a dam, with 8 laboratory laser measurements of the reflectance of water roughened by an airstream. These corrections are described in detail by Cudahy et al. ( 1994B) .
Field Spectral Measurements
In-situ emissivity data were measured using the JPL micro Fourier Transform Interferometer (pFITR). The pFllR is a lightweight, rugged, high spectral resolution interferometer built by Designs and Prototypes and modified by the Jet Propulsion Laboratory (Hook and Kahle, 1996) .
"The instrument has a spectral resolution of -6 wavenumbers, weighs 16 kg including batteries and computer, and can be operated easily by two people in the field.
Geology of the Mount Fitton Area
A geological map and corresponding TIMS decorrelation stretch image for the study area is shown in Figure 2 . The regional geology has been mapped by Coats and Blisset (197 1 The Balcanoona Formation plays host to shear zone and stratabound talc deposits. The shearzone deposits occur near the lower contact with the underlying Bolls Bollana tillites whereas the stratabound deposits occur near the upper contact with the Amberoona siltstones. The shearzone deposits follow the regional E-W foliation and dip 60° to 80° to the south. They are associated with quartz in veins as well as magnesite within thick pods. Tremolite is largely absent from the shear zone deposits, The stratabound talc deposits are much larger than the shear-zone deposits. They are typically associated with tremolite and chert. Magnesite appears to be absent.
Talc was formed by the hydrothermal metasomatic replacement of dolomite along faults, fractures and the regional pattern of schistocity (Coats and Blisset, 197 1) . The source of fluids was likely to be the Lower Ordovician Mudnawantana Granite which has its nearest outcrop 10 km to the east. This source for the siliceous fluids is evidenced by the intervening Bolls Bollana tillites also being hydrothermally altered along fracture and bedding planes. Metrological work by Still well and Edwards (1951) suggested that the silica-bearing solutions transformed dolomite to tremolite where Ca was retained but produced talc where Ca was removed, This often produced a signature of early-formed tremolite that was subsequently replaced by talc. The difference in style between the shear zone and stratabound talc deposits was suggested by Sprigg (195 1) Figure 3a shows selected field spectra of the main geologic units (Figure 2) , namely: quartzite and quartz-rich siltstone from the Mount Curtis Tillite (Spectra 1 and 2, respectively); quartz and phyllosilicate-rich siltstone from the Amberoona Formation (Spectrum 3); and talc, tremoliticdolomite and dolomite from the Balcanoona Formation (Spectra 4,5 and 6, respectively). The quartzite sample (Spectrum 1-Location 1 with orange hue in Figure 2 ) and the quartz-rich siltstone (Spectrum 2-Location 2 with red hue in Figure 2 ) both have a well developed low emissivity doublet centered around 8.5 pm. This signature is characteristic of the reststrahlen feature of quartz (Figure 1-Spectrum Qu) . The doublet has a superimposed saw-tooth appearance, caused by incomplete atmospheric correction of the field data (Hook and Kahle, 1996) . The quartzite is almost pure quartz, which explains the relatively deeper reststrahlen doublet compared with the neighboring siltstones. Spectrum 3 from the Amberoona Formation (Location 3 with purple hue in Figure 2 ) also shows the diagnostic quartz reststrahlen doublet, although the quartz feature is weaker than in the spectra from the Mount Curtis Tillite Formation.
A phyllosilicate feature near 9.5 ym is also apparent.
This variation in the shape and intensity of the quartz reststrahlen feature between these quartzbearing rock types is also demonstrated in the airborne data. Both the alpha emissivity spectra (Figure 3b ) and the MJRACOZLAS reflectance spectra (Figure 3c) show that the most intense quartz signatures are provided by the quartzite (Spectrum 1), followed by the quartz-rich siltstone (Spectrum 2) and finally the relatively quartz-poor Amberoona siltstone (Spectrum 3), which has the highest emissivities but relatively lower emissivity near 9.8 pm related to more abundant phyllosilicates (mica and/or clay).
The three field FTIR spectra shown from the carbonate-rich Balcanoona Formation are from samples of talc, a mixture of tremolite and dolomite, and dolomite (Figure 3a -Spectra 4, 5 and 6, respectively). These are consistent with the corresponding pure mineral spectra shown in Figure 1 . The associated alpha emissivity and MIRAC0 2 LAS reflectance spectra (Figures 3b 'and 3c, respectively) also show similarities. However, the alpha emissivity spectra have a tilt towards shorter wavelengths which is not seen in the field pl?HR or MIRAC0 2 LAS data and is caused by a processing artifact (Kealy and Hook, 1993) . Narrow features (<0.2 ~m) are not apparent in the TIMS spectra due to the resolution of the instrument but are clearly seen in the higher resolution MIRAC0 2 LAS data, e.g. the dolomite trough centered at 11.2 pm and the tremolite features at 9.7 and 10.8 ~m. Also the MIRACOZLAS spectra have similar overall shapes to the field plTHR spectra (Figure 3a) including high, relatively flat emissivities for the tremolite and dolomite spectra (Spectra 5 and 6 in Figure 3c ). In addition, the MIRAC0 2 LAS spectra show the diagnostic narrow spectral features at 9.7 and 10.8 pm for tremolite and 11.2 ~m for dolomite. Spectrum 5 shows features associated with both minerals which indicates that minerals within mixtures can also be identified with the higher spectral resolution data. only collects data in line profile mode and so imaging, which is critical for target definition, is difficult. Improved geological mapping and mineral exploration should be expected from TIR systems capable of both measuring and imaging surface radiance at high spectral resolution (<0.2 m) for the atmospheric window between 8 and 12 pm.
Conclusions
Airborne TIMS and MIRACOZLAS data, as well as field @lVR data, were acquired from the Mount Fitton area, South Australia to evaluate the role of these systems for geological mapping and mineral exploration.
It was possible to discriminate the major geological units with the TIMS imagery (Balcanoona, Mount Curtis Tillite, Amberoona and Nuccalena Formations) though precise mineral identification was generally not possible. This is because many of the diagnostic spectral features are much narrower than the TIMS bandpasses. Using MIRACOZLAS enabled identification of the mineralogy of specific units as opposed to discrimination of these units in the TIMS imagery. Minerals that could be identified from the MIRAC0 2 LAS included talc, quartz, tremolite and dolomite. Thepresence of these minerals wasconfirmed bygeological mapping and field spectroscopy with the pFTIR. It is clear that an ideal remote TIR system for geological mapping and mineral exploration should comprise high spectral resolution (<0.2 ~m wide bands) for the complete 8-12 pm atmospheric window and be able to generate images.
These results suggest that, while such an instrument is not available, an instrument which includes a broad band imaging spectrometer and a high resolution profiling spectrometer would be far more valuable for geological studies than either instrument in isolation, since it would bẽ ossible to discriminate a geological unit in the image and then identify its mineralogy from a corresponding high resolution spectrum.
Figures
Figurel. Leftpanel: Hemispherical reflectance spectra convefied toemissivity using Kirchhoff's Law for a variety of minerals, measured using the Jet Propulsion Laboratory Nicolet 5201ntetierometer spectrometer with a hemispherical attachment. Right panel:
Bi-directional reflectance spectra converted to emissivity using Kirchhoff's Law for a variety of minerals measured using the CSIRO Laboratory C0 2 laser spectrometer. Both panels: Ta -Talc, Qu -Quartz, Al -Albite, Mi -Microcline, Mu -Muscovite, Tr -
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Tremolite, Do -Dolomite, Ma -Magnesite. 
